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SUMMARY 


Bzperimenteal teets were conducted using generated square 
pressure wave to determine the environmental effects on pressure 
sensing systems for oscillating pressures. ‘Square wave pressure 
oscillations from approximately 25 ta 120 cycles per second and 
about six inches of mercury in amplitude were used for various 
configurations of the tube connecting the pressure sensing instru- 
ment to the source of pressure oscillation. 

It was necessary to resort to harmonic analysis of the 
pressure waves obtained on oscillogrems to determine the three basic 
results of attenuation, phase lag, and the degree and kind of 
distortion caused by the connecting tube system. insufficient 
time was available to anslyze eae sufficient aumber of oscillograss 
which woulé compile enough information to enable the designer to 
select the proper configration which would give a entisfactory 
response over a desired frequency range or to eliminate undesired 
resonances when only a mean pressure level is desired. 

It was concluded thet any arbitrarily produced pressure 
wave can be used to determine attenuation, phase lag, and distortion 
through use of harmonic analysis and comparison with the wave 
obtained with the pressure sensing instrument connected directly 
to the pressure wave source. The attenuation and phase lag for 


the first six harmonics at a frequency of @ GPS for four finite 
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tube lengths were determined experimentally and those for the 
fundanental were shown to be in fair agreement with that obtained 
theoretically as cbtained frem the graphs vrepared by A. 5. Iberall 
in reference (4). 

This investigation was conducted in the Mechanical 
Baginsering instrument Laboratory ef the University of Minnesota 
vy R. R. Thoe under the guidance of the Mechanical “nzineering 


Department Steff during the Spring of 1952. 
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AW SEPERIMNWEAL ANALYSIS OF ENVIROMENTAL EFFECTS Ox 
PRESSURE SENSING SYSTRMS FOR OSCILLATING PRESSURES 


INTRODUCTION 


The measurement of fluctuating fluid pressures presents 
a problem in miny present-day applications. Sumeroue devices have 
been utilized but the demand for more accurate methods for relatively 
larger amplitudes and higher frequencies of pressure oscillations 
have created many new applications of principles for pressure 
sensing systems for specific problens. 

In measuring rapidly changing pressures, one of the more 
important considerations is the dynamic characteristics of the elastic 
system of the pressure sensing device, in particular the natural 
frequency and the amount of dasping present. The dieplacement of 
the pressure sensing system should be in proportion to and in phase 
with the applied pressure with no relative distortion in amplitude 
or phase of the harmonic component of the oscillating pressure 
source up to the highest component it is desired to measure. 

There are many other important considerations which include: 

(1) Smell, portable, and inexpensive as possible. 

(2) Sense gauge or differential pressures. 

(3) Have constant calibration over period of time. 
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(4) Simplicity in operation. 

(5) High sensitivity. 

(6) Ample range in amplitude and frequency. 

(7) Adds negligible volume of gas to system being 

measured. 
(8) Gontsines negligible hyeterisis. 
(9) Unaffected by thermal, electrical, wacnetic, and 
mechanical interference. 

(16) Ability to utilize long cablee if necessary. 

(11) Direct and permanent method of presenting recorded 
pressures. 

Ho known device meeting all the above requirements exists 
at present, but rather there are many devices which are more or less 
satisfactory for the field for which desiened. Some of the pressure 
sensing syetems which have found considerable use are briefly dis- 
cussed in Ref. (1) and (2). 

Often it is impossible to install the pressure sensing 
element directiy at the point of measurement. It then becomes 
necessary to connect the pressure sensing element to the source by 
a connecting tube. This connecting tube introduces the possibility 
of errors due to resonance or attenuation in the tube. This results 
from the fact that the air column in the tube bas a definite mass 
inertia, elasticity, and can dissipate energy with ite own motion 


such that wave motion can be propagated along its tube length. 
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Several theoretice] and experimental investigations have 
been undertaken in an effort to determine the effect of connecting 
tube on the pressure response indicated by the sensine instrument. 

Ierael Teback, Sef. (2), compared the pressure response 
obtained theoretically with that obtained experimentally for o steady 
atate sinusoidal oscillating rressure with various environmental 
chenges including the following all st varying frequencies from 
sero to 70 cycles per second for several tube lengths: | 

(1) Simple tube system of negligible instrument volume. 

(2) Tube with inlet restriction. 

(3) Apprecieble instrument volume. 

Theoretical results were obtained using the slectrical 
alternating carrent R-L-0 circuit anslogy. Unfortunstely this 
method somniees « considerable emount of tedious computation for 
even the simplest systems and insufficient information existe to 
warrant the validity of these solutions for large amplitude 
oscillations. 

Experimental results compared favorably with that computed 
for various tube lensths, diameters, and appreciable instrument 
volume at frequencies from zero to 70 cycles per second. ‘Uxperimental 
results showed that an inlet restriction had « damping effect at 
resonance but negligible effect at antiresonance. The effect of 


an appreciable instrament volume was to lower the resonant frequency 
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of the system and decreased the amplitude of the recorded pressures 
through most of the frequency range investigated. | 

in this report it was concluded 

that for accurate dynamic pressure measurement the 

first resonant frequency of the pressure mensuring 

system should be kept well above the highest pressure 

frequency to be measured. 
Since the resonant frequency is inversely proportional to the 
length of the connecting tube, the simplest way to accomlish this 
is to place the pressure sensing instrament as close as possible to 
the source. 

A theoretical investigation of the attenuation and lag 
of an escillatory pressure variation for a finite connecting tube 
length to the pressure sensing instrument was sade by A. 3. Therall, 
Ref. (4). A sinueoidal pressure oscillation wae aesumed at the 
source which was connected to the preseure sensing device by a 
connecting tube. The problem was attacked by first assuming an 
incompressible viscous fluid such that Poisevilles law of viscous 
resistance was valid throughout the system. These results were 
then corrected for compressibility, finite-pressure amplitudes, 
appreciable acceleration, and effects for finite length of tube, 
and heat transfer through the tube. ‘The correction for 
compressibility introduced « time constant and attenuation factor 
dependent on the tube and instrument volumes. Finite pressure 
excess amplitudes about the mean pressure introduced harmonic 


distortion proportional to the amplitude of the pressure excess 
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in the case of compreesible fluids, but the attenuation of the 
fundamental appeared to be essentially independent of the amplitude 
of the oscillation. The inertia of the fluid through its influence 
on fluid acceleration modified the tine constants of the system 
affecting both the attenuation of the fundemental and the amount 

of harmonic distortion. It was shown that if the fluid inertia is 
large an undamped system is present permitting elementary acoustic 
theory to be used, but when fluid inertia wes negligible the 
tranemission tube became a highly damped system. In short tubes 

a correction mast be introduced to allow for the end effects result- 
ing from fluid acceleration at the ends of the tube which further 
distort the wave form. At low frequencies, an isothermal process 
vas assumed, but at higher frequencies where heat transfer cannot 
be assumed perfect and the process can still not be aesumed to be 
adiabatic, «a further correction for this polytropic process was 
introduced. 

The resulte were presented in a series of graphs which 
permit the desiener to determine certain dimensions for a pressure 
sensing system to be used with a given sinusoidal oscillating 
preesure to obtain a desired amplitude and lack of distortion, or 
to determine the attenuation and lag of a given pressure sensing 
system. 

This theory could be applied to other types of pressure 


oscillations such as a square wave pressure source by resorting to 
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Fourier anslysis, although it would require a great amount of 
tedious end arduous mthemticeal comutation. 

HAGA TN 1988, Sef. (5), develops theoretically and 
compares experimental results of the traneiont behavior of lumed- 
constant system for sensing transient pressures. The pressure 
sensing system consisted of a tube connected to =a reservoir where 
the pressure sensing instrument wea located. A short straight 
tube whose volume was mach smaller than the reservoir volume was 
_ used so that the dead time, length of tube divided by the speed 
of sound, was negligible and the volume flow through the system 
devended essentially only on the compressibility of the gas in the 
reserveir. Thus it wae aseumed thet space variables hed no effect 
end thet the pressure disturbances occurred inetentaneously through- 
out the system with varying magnitudes. In addition for the 
theoretical analysis, the process was assumd to be adiabatic and 
to consist of only s#all pressure chances. 

Experiwentel date was obtained by interrupting an air 
stream directed at the open end of the tube. This waa accomplished 
by using s revolving slotted disk betwoen the stream source and the 
open end of the tube. The pressure response in the reservoir was 
sensed by a commercial device which oresented ite readings on an 
oscillescope. 

One of the primary purposes of thie investigation was to 


establish a method for determining design parameters for a control 
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loop system encountering tranecient pressuree. From the reeulte 
obtained it wae shown that the differential equations utilized in 
the theoretical anelysie were sufficiently valid for desien purposes 
for similar conditions in practice. 

Por a given gas under specified conditions, the undemped 
natural frequency and damping ratio are functions of the tube length, 
tube radius, and reservoir volume. Thus for civen desired values of 
frequency and damping retio, when one of these system dimensions is 
limited by practical reasons, the other two dimensions ate uniquely 
determined. If two of the dimensions are restricted, the third can 
be determined for either frequency or damping ratio. Af tube length 
and reservoir volume have slready been reduced to the practical 
minimums, the undamped nataral frequency can be increased only by 
increasing the tube radius. Unfortunately this may decrease tie 
damping ratio too much (for control loops). However, the damping 
ratio was increased without changing the system dimensions or 
natural frequency through the sddition of an increased resistance 
in the tabe such as a wire mesh or orifice. 

An experimental investigation #as conducted, Ref. (6), 
using a square-wave pressure valve to determine experimentally some 
of the effects of chanzes in important design parameters on a 
balenced-pressure diaphragm indicator for measuring transient 
pressure changes. the square weve pressure generator consisted 


essentially of a rotating slotted disk which connected the sensing 
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reservoir alternately to two reservoirs at two different known 

static preseure levels. Limitations of the equipment used prevented 
findings of such value to the immediate field of this study. The 
clamped diaphragms introduced ea sero shift error due to eleetic 
stress which could be elimimted by the use of free unclemed 
disphrague. Hovever, the lower natural frequency of free diaphrages 
limited the frequency of pressure osciliations to a rather low value. 
Goneiderable erratic behavior was detected in the response of 
diaphragms to = change in pressure in tine, sometimes lagging much 
more than other times. The cause of this erratic response tine 

was not determined and say have been due to the square-wave generator 
or pickeup system, sithough varying the diaphragm mass, motion, end 
damping had no apparent effect on the degree of erratic response 
time. 

The present investigation is an experimental analysis of 
environmental effects on pressure eensine syetems for oscillating 
pressures. It was conducted through use of = square weve pressure 
generator designed and previously used by =. 4%. Smith at the 
University of Minnesota and ie described in the Test =quipment 
section of this report. This generator was driven by « variable 
speed motor eo that the fundasenteal wave frequency could be 
controlled at will. 

Three different types of pressure sensing devices were 


originally contemleated to enable a comparison and check of the 
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data obtained. The three preseure pick-up systems selected woret 

(1) The Statham Gage. 

(2) The Slectro-Pressuregraph. 

(3) The Mechano-Blectronic Transducer. 

These three aystens were selected largely for their high 
astural frequency, thus persitting investiestion of pressure 
oscilletions to a relatively high frequency. In addition, all 
three eysteme permit pressure readings to be easily presented on 
the cathode rey tube cecilloscope. However, due to technicel 
aifficulties and shortage of tine, the mechano-electronic trans- 
ducer was not used in this investigation. 

It was the intention of the author to vary those environ- 
mental configurations which occur frequently in pressure recording 
inetallations in actual practice. The primery chanzes investigated 
were chenges in the length of the tube connecting the instrument to 
the wave generator at frequencies from 25 to 120 cycles per second. 
Tube lengths tested were standard 1/4 inch outer diameter copper 
tubing and were of 12, 24, 42, and 60 inches in lenesth. Zero tube 
length test rune were sade to which the other rune were compared. 
In addition test rans were sade of larger dianeter tudes (3/8 and 
1/2 inch 6.D.), bat due to the fittings on the instrament and the 
square wave generater, these lerger diameter tubes had te be 
restricted at their ends down to the same diameter size used for 
the 1/4 inch tubing. ‘Several teets were conducted on the efficiency 
of verious plenum chamber configurations to determine effectiveness 


in damping of oscillations. 
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The arbitrary character of the initial pressure wave 
complicated the anslysis of the oscillograms obtained. Since the 
generated wave was not « perfect sousre wave, comarisgon of a 
weve obtained from any given configuration to that of the eero tube 
length wave for the same frequency required harmonic analysis to 
obtain any reliable information. Thies was a task requiring sore 
time than available so that thie report wes nerrowed down eventually 
to the case of one frequency, 30 CFS, for tube lenethe of zerc, 12, 
B4_ 42, and 60 inches in the determination of attenuation, phase 
lage and distortion caused by finite tube lengths. 

This investigation wae conducted by &. BR. Thoe at the 
Internal Combustion “ngines Instrument Laboratory of the University 


of Minnesota, during the Spring of 1952. 


TEST EQUIPMENT 


The experimental tests were conducted using a square 
pressure wave generator driven by a variable speed motor. Through 
this both the frequency and amplitude of the square pressure wave 
could be varied at will. A pressure transducer interpreted the 
wave and presented it on e cathode ray tube oscilloscope, Dumont 
Type 304-H, from which oscillograms were made through utilization 
of a Dumont oscillogram camera. Figs. 1, 2, and 3 show the general 
set-up of the test equipment. 

Three different pressure sensing devices were contemplated 
for this investigation: the Statham gage, the Ulectro-Pressuregraph, 
and the mechano-electronic transducer. Tests were made using the 
first two instruments, but the mechano-electronic transducer was 
not used due both to lack of time and difficulties in obtaining the 
tube and fabricating a satisfactory linkage system in the pressure 
pickup for the tests contemplated. 

The Statham gage, model P6-4D, pictured in Figs. 1 and 2, 
utilizes an electrical strain gage mounted on a pressure diaphragm. 
This strain gage is one element of an electrical bridge circuit 
whose output is fed directly into the oscilloscope where full 
D. ©. amplification was used throughout all test runs using the 


Statham gage. 
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The Blectro-Pressuregraph, manufactured by the Plectro- 
Producte laboratorios of Chicago, Illinois, is of the eapaciter 
| type in which the pressure diaphragm forms the variable capscitance 
element and is pictured in Fig. 3. For the pressure range investi- 
epted e diaphragm thickness of 0.010 inches was used. 

All tests were conducted using the aquare pressure weve 
generator eketched in Fig. 4. Thie consisted of 2 rotating valve 
element mounted in a housing with porte drilled every 90 dezress 
slong the circumference of the housing. the rotating element had 
one hole drilled dinmetrically and one axtally connecting the 
diametrically drilled hole with the end hole, 5, in the housing. 
Ag the rotating element revolves, the dlametrical hole connecte 
the port at 5 first to the tank preseure, Pos applied «at 1 and 3, 
ceueing the preseure st 5 to increase to preseure, p e’ antil the 
diemetrical hole is uncovered br norte 2 and 4 exhausting the 
entrapped pressure to atmospheric pressare, p,. Thus it can be 
‘seen thet & square pressure wave is generates with «a frequency 
awies that of the frequency of rotation of the rotatins elesent. 

A stiff hose coupling was ened first between the shaft 
of the motor and the rotating element of the wave generator to 
eliminate vibration from the moter during the Statham gage test 
rans. It wae believed thet a considerable amount of variable leg 
between the generator and the motor shaft on which the timing 


eireuilt wae mounted resulted from euch a flexible coupling. 
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Therefore, 2 universel joint coupling wee eubstituted which hed 
a relatively constant lee with revolation speed and wae used 
throughout the Eleectro-Preesuregraph test rane. 

the sage pressure, Per was supplied by a cylinder of 
CO, gas expanded through two valves to facilitate close control 
of the gage pressure. Pig. 5 ie a schematic sketch of the gage 
pressure system. Sy opening valve Ay pressure was sdmitted to 
gage (1), end by carefully opening valve 8 any desired gaze 
pressure se read on the U-tube manometer, *, conld be placed 
throughout the sanifold system. Valve © permits exhaust to the 
atmosphere and wae used daring static calibration of the 
instruments. Valve > opened the pressure to the wave generator 
and was open during the dynamic tests. Fitting 5, was the location 
ef the instrument during calibration runs, the instrument beins 
replaced by a plug during dynamic test runs. 

The Statham oan being a resistance bridge circuit 
instrament, lends itself te a convenient method of calibration. 
Pig. 6 is so schematic sketch of the electrical circuits used. 

The resistence Ry aeress an input and output terminal of the 
bridge serves as a means of indteating an arbitrary celibration 
pressure line on each oscillogram. ‘hen the switch, 5, is closed 
the oscilloscope trace jumps vertically to s value of 4 correspond- 
ing pressure. A resistance of HR, = 270,000 ohms was found to give 


a pressure indication of 6 inches of mercury gage. “This pressure 
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line was placed on each test ran picture along with the cero 
preseure line to give a seale factor to each pictare of the 
Statham test rans. | 

To determine phase ing, an electric brash timer was 
designed and installed on the motor shaft. Fig. 6 illustrates 
the principle ef the brush tiser. Since there are two cycles 
of the wave for each revolution of the shaft «= signal every 
180 degrees of rotation of the chaft wae desirable. A brass 
collar, with a 180 degree slice down ons side filled with plastic 
wae mounted on the shaft. The two brushes complete the timer 
circuit when both brushes are in contact with the brass and open 
the circuit when the one brush contects the plastic. The 
remainder of the tixer slectrical circuit consisted of a battery 
end & vatiable resistance load and a step-up transformer. The 
secondary of the transformer fed into the % axis of the 
oscilloscope and the common ground. 

4e the circuit is closed by the brushes a flow of 
current goes throuch the primery of the transformer and during 
the transient current flow, P voltage is generated in the 
secondary transmitting a pulse to the 4 axes of the oscilloscope 
increasing the intensity of the trace on the escilloscens screen 
momentarily. When the brush contacts the pleetic os the shaft 
revolves, the circuit is opened and there is a eudden stoppage 


of current in the primary. ‘his transient again causes a 
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voltage to be senerated in the secondary but in the opposite 
direction eo that the trace on the oscilloscove sereen is 
decreased in intensity. Thus « time signal wes imposed on the 
oscilloscope screen to indicate when the wave cycle actually 
started at the generater. 

The shielding and grounding of all electrical input 
cables to the oscilloscope was found to be essential to prevent 


the pick-up of extraneous signals on the oscilloscope screen. 
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FEST PROCHOURS 


& winioum warm-up period of one hour for the oscilloscepe, 
strobotac, and constant voltage transformer, and of twenty minutes 
for the Statham genge and “lectro-Pressuregraph was observed before 
all test runs to sscertein temerature equilibrium throughout the 
system. This wes found necessary due to the inherent tendency for 
vertical drift in the Dument 204-H oscilloscope. However, aving 
these precautions of sufficient warmup tine and the use of a 
constant voltage transformer between the line voltage and the 
oscilloscope, the vertical drift of the oscilloscope trace was 
negligible and caused little trouble. Severtheless, it was found 
impossible to use this type oscilloscope without the constant 
line voltege since vertical drifts «as large as half en inch were 
sometimes noticed in the matter of only two or three eeconds when 
used vith a regular voltage supply source. 

Two calibration rans were ande for each series of test 
runs as taken on @ach roll of film. ne calibration was taken 
at the start of the rans and another at the end of the film to 
make gure thet no change in calibration of the instrugent occurred 
during the test rans. 

To ealibrate the Statham gaze, valve © and D of Fig. & 
were both closed and the instrument attached at S,. A pressure 
wae ismosed on the gage by orening vaive 2 until s given pressure 


was admitted and then it wae tightly closed holding thie pressure 
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TEST PROCEOUAS 


4& winioum warteup period of one hour for the oecilloscose, 
strobotac, and constant voltage transformer, and of twenty minutes 
for the Statham gage and “lectro-Pressuregraph wae observed before 
all test runs to sscertein temerature equilibrium throughout the 
system. This wes found necessary due to the inherent tendency for 
vertical drift in the Dumont 204<H oscillescope. However, using 
these precautions of sufficient warmup time and the ase of a 
constant voltage transformer between the line voltage and the 
oscilloscope, the vertical drift of the oscilloscope trace was 
negligible and caveed little trouble. Severtheless, it was found 
impossible to use this tyre cecilloscope without the constant 
line voltage since vertical drifts se large as half en inch vere 
sometimes noticed in the matter of only two er three seconds when 
used vith a regular voltege supply source. 

Two calibration rans were ande for each series of test 
runs ae taken on each roll of fila, One calibration was taken 
et the start of the rans and another at the end of the film to 
make gure that ao change in eslibration of the instrument cecurred 
during the test rans. 

fo calibrate the Statham gage, vaive C and PD of Fig. & 
were beth closed and the instrament atteched at 5,- A pressure 
was imposed on the gage by opening valve 5 until s given pressure 


was admitted and then it was tightly closed holding thie pressare 
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in the system A picture was then taken of the deflection on the 
oscilloscope end the pressure recorded. Yalve © was then opened 
to exhaust the pressure to the atmosphere «nd the trace on the 
oscilloscope was checked to ascertain that it had returned to 
ite zero reference line. ‘This was facilitated by placing a 
small mrk on the oscilloscope screen which was easily discernible 
through the peephole of the recording camera hood when the trace 
wee tangent to thie mrk. Other pressures were applied in a 
similar manner from zero gare pressure to a gage pressure of 
four pounds per square inch, the maximum elloweble for this cage. 
All calibration lines wore exposed on the same film frame through 
maltiple exposures. I¢ wis found impracticel to calibrate the 
instrument when connected te the wave generator as there was 
considerable leakege of preseure through the wave generator. 
This, of course, made it impossible to maintain e conatant static 
oressure when the fenerator was not in operation. 

fhe Plectro-Pressurecraph was calibrated in the eame 
manner with the exception thet no device similar to the 
Calibrated resistance, Ro used for the Statham gage, was 
utilized due to the increased complexity of « capaciter circuit. 

After the initial calibration was completed the gaze 
was resoved from the calibration position, See of Fiz. 5, which 
was then plusged, and the gage was attached to the output of 


the square wave generator. Oscillosrems were made of fundamental 


oo 

7h 
“ 
4 


, ehamelt toed peintivesiet ‘evaw stsnpe art 


o 2O « 


wave frequencies frou approximtely 25 te 100 cycles rer second 
in steps of epproximetely five cycles per second. 

The configurations tested consisted primarily of varying 
the length of the tube connecting the preesure pick-up to the 
generator. These were made using standard 1/4 inch outer diameter 
0.030 inch thick copper tubing of 12, 24, 42, and 66 inches in 
lencth. The sero length rans, to which the others were compared, 
were mide using o standard 1/8 inch pipe nipple which placed the 
instrument pressure diephragm about three inches fro# the 
generator. 

feats were also made using 3/8 ond 1/2 inch outer diameter 
copper tubing. However, since the wave generator and the pressure 
pick-up hed 1/8 inch pipe fittings the ead of these tubes were 
restricted in diameter te use theses fittings. Thie wes sstimpitahes 
ty eutting the standerd half anion of « flere coupling for tine 
larger tube in half end Joining 1¢ to the 1/8 inch pipe end of a 
1/4 inch tube half union. 

In addition, some investiestion of the effect of different 
configurations of surge tanks or plenum chambers in the connecting 
tube wae ende. The surge tanke used were atandard Yras o11 filters 
of approximately 0.059 cubic feet volume. A single filter in an 
equivalent 42 inch long tube anda 77 type filter utilizing two 
Fram of] filters in series with an equivalent tube length of 


12 inches were used. 
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fo determine if the pressure system manifold was contri- 
buting undesired oscillations in the produced weve, « surge tank 
was placed between the gece presaure wanifold and the generator 
for a series of sero tube length test rane for both the Stathan 
and Fleetro-Preseuregreph gages. 

Before each osciliegram was sade, the sero presaure 
line wae checked on the oscilloscope to ascertain thet no vertical 
arift of the oscilloscone trece had occurred. An exposure of the 
sero pressure line was then taken. In the case of the Statham 
gage testes, “ film exposure of the calibration preseure line ms 
then teken by closing the ewiteh for the celibration resistance, 
Roe of Fig. 6 The switch wie then opened and the trace wee 
examined to ascertain thet it had returned to the zero reference 
pressure. The motor was then etarted end the epeed adjusted to 
that civing the epproximte desired fundemental frequency of the 
wave. This was done by use of the etrobotac. Gage pressure vas 
then applied by opening the valve, 3, of Fig. §, until the 
desired pressure was read on the manometer. The wave as shown 
on the oseilloscore sereen was then observed and eynchronized 
and the pieture wes exposed. Inmediately on taking the picture 
the preseure es shown on the menometer and the revolution speed 
of the generater as show by the strobotac were read and recorded. 


The pressure was then turned off and the motor stopped. 


he oe ee ~—or. 
= “ a? 
¥ 


adaas 


sensed ten sheet 208d 00v wanton a 


- 22 « 


The gage pressure could be maintained very steady during 
running, bat the motor speed tended te vary plus or minus 20 EPH 
(0.66 eps of the fundamental wave frequency) 2t the higher speeds. 
However, the revolation epeed was believed to be auite accurately 


determined at the tine the pleture was zade. 
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RESULTS AND Discuss low 


Por each oscillogrem taken of a given wave, the following 
items were recorded: (1) BPH of the generator shaft by use of a 
calibrated strobotac, (2) the gage pressure applied to the wave 
generator as read on the U-tube manometer, and (3) the exposures 
taken, for exvempie the sere pressure line, the calibration 
pressure line, and the wave itself. From item (1), the APM, the 
fandamental frequency of the wave in cycles per second wes 
determined by dividing the BPM by 26. After development of the 
fils, the frame number of the picture on the film wae recorded 
on the data sheet for each picture te facilitate finding any 
desired oecillogrem of a given cosfiguration fer a given frequency. 

One method of analyzing the oscillogress wuld have been 
to make an enlargement of each negative and use these te take all 
mengurements. However, the time involved for enlarging the nearly 
six hundred photogrephe taken war prohibitive, so that enother 
method of obtaining dete was decided upon. 

The avallability of a microfilm reader which permitted 
the use of 25 mm. film offered a convenient method of studying the 
films. Sy placing & uniformly ruled section of vellum graph paper 
in the slide, the microflim reader wae checked for linear magnifi- 
cation threughout the renge of magnification of the inetrament 
(from 11:1 te 2331) and wee found to be linear on all secticre 


of the ground glaas screen. 
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In the attemot to determine attenuation due to change in 
tabe length, many difficulties srose in interpreting the oscillo- 
grams. As soon ac any tube length wae added, the wave shave became 
distorted to auch a degree that the actual amplitude of the funda- 
mental wave wes not directly mensurnble. This excessive distortion 
was primrily the result of the fact that a square wave is so rich 
in harmonics, that for any finite tube length end frequency there 
will be some harmonic distortion. Although the wave generated was 
not a perfect square weve, at the lower frequencies a very close 
approximstion to a square wave wes realized ac born out by the 
oscillograns, (Fig. 7). 

It can also be seen that even for the goro tube length 
configuration the wave distorted considerably et the higher 
frequencies. Thie was considered primarily a function of the 
generater although it was also due to limitations of the pressure 
sensing instrument. It can be seen that at the higher frecuencies, 
the diametrically drilled hole in the rotating element of the 
generator is opened to the tank preseure (or atmosphere) for a 
mach shorter period of time. As the port opens to exhaust to 
the atmosphere, for example, the entrapped sme at the tenk gage 
preseure expands rapidly and the inertia of the expanding gas 
carries the enclosed pressure below atmospheric. Eowever, before 
the pressure equtlises with the atmosphere the port closes, and 


the pressure remains below atmospheric. Actually there is some 


‘ccsetumatiavaiatvmiile 


leakage around the rotating element so that the negative gage 
preseure rises slowly toward the sers gage pressure line and is 
not perfectly flat. Similar reasoning can be applied for the sart 
of the cycle when gas at tank pressure rushes into the rotating 
port. However, by comparing the oscillograz of a wave for a 
finite tube length to that for zero tube length both at the sane 
frequency, the characteristics due to the generator itself are 
eliminated. 

Aan attempt was made to measure attenuation by integrating 
the aren enclosed by the wave trace about the sero pressure line. 
This was accomlished by tracing the oscillogram wave on tracing 
paper for each tube length at frequencies of every ten cycles per 
second from 30 to 100 cycles per secend. Although « long and 
tedious task, the waves wore accurately traced at fail menifi- 
cation of 23 times through ase of the microfilm render. Full 
magnification was used ta ascertain that 211 oscilicgrane vere 
magnified the same amount. As the oscillescops trace line at this 
wagnification wns often quite a heavy line, 1/32 to 1/8 inch wide, 
the trecing wae onde ty following the centerline of the projected 
trace. The areas were then integrated by ase of « plenimeter. 
Sach integrated area wae arrived at by averaging two readings 
when they varied lese than one~half of one per cent. If planineter 
raedings varied more than this, mere rendings were taken and 


averaged in. 
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Since the wave length as shown on the oecillogram was 
purely arbitrary, depending on the sweep speed and x-axis 
amplificstion as set on the oset liescope, the area was divided by 
the wave lengeth, A. this gave the mean ordinnte of the wave, 
and, when mitiplied by the static pressure calibration sesle 
factor, = e? represented mean preseure. 

Again attention is called to the fact that all 
oscillograre, including the static pressure calibrations, naturally, 
were traced at full magnification of the microfilm reader. Also, 
in the cage of the Statham gare, all calibration rune for the 
Statham aege conveniently gsve the same constant lineer calibration 
of one inch deflection for one inch of mercury gage pressure, see 
Fig. 8 fer a sample of the eslibration curves. (Yor the Stathas 
gage, fall D.C. amplification of the y axis on the oscilloscope was 
used throughout all teet rung, so that quantitative comparison 
between test rane would be facilitated.) 

However, it was imeractical to apply the identical gage 
pressure to the square wave generator for all test runs, although 
they were within the same general value with the exception of a 
few intentional chengees in preseure amplitude to determine any 
effect of preseure amplitude. Therefore, in comparing the amplitude 
of a preesure wave resulting from a test run with « finite tube 
length te thet for the zere tube length both at the same frequency, 


® correction was required to reduce toth to the seme impreseed 


-—- 


gener Sete Baege howe Ade Bo gatbaeges squat? tts vieteg 


Salita datgiciahadntall daw dar vetdetani net, wwe 
nadies® de wet) .cowawe aottmrdtiao sat Yo eiquar « tot 6 .9ft 
eee Sdtnsclitees sae 26 vine % 04! 20 ndlsaoFttlaws .0.0 List sem 
pga gama Six trofgsondd boas 
coe 
Aebodtla. eau toed {le wot totareneg over esnupe ods 0: oteeeerg 
BO Bekeqpeme of3 dibs ectlay Levene; emae odd mtd? tu otew ved? 
Wd Gabeistes of shottiqns oiseserg at senands fonqtineial vei 
Obuttiqes sat sabieqnos ct ~rittesed? .ebotliqus oweeetc Yo sooTts 
e080 @82at? 2 Sth net feet o sett wrliiveet ever etveasi: © To 
eyceeapet? eune eff ta déod dd=zel oduéd aquee efi tet fod? of dtansl 


Heesetaqst ease of! of déed sombet of botigge: raw noldoettcs « 


pressure. ‘See sample calculetions for a hypothetical case asing 
this method of anslysis. 

Rowever, for the “lectro-Preesuregraph, ae previously 
mentioned, the calibration of the instrament was net constant 
throughout the test runs, see Fig. 9. ‘to further complicate the 
problem, its calibration was not even linear. However, for the 
region uscd during the dynamic tests, the first calibration was 
essentially linear and used as euch. For the second calibration 
of the Slectro-Pressuregreph which was for the test runs of the 
60 inch tube length, a straight line was drawn for the region used 
in the dynamic teets utilizing the theory of the least squares. 
However, the non-linear response of the Nlectro-?rescuregraph mkes 
thie type of anclysis useless unless the tests are within a 
practically linear portion of the calibration curves. 

This method of analysis utilising the aren enclosed by 
the wave sbout the sero gage preseure line proved too inaccurate 
to produce reliable reeults and wee finally disearded. 

The only other alternative mothod of analysis to obtain 
attenustion resuits which could be checked with some available 
theory appeared to be harmonic analysis. Unfortunately, 
insufficient time remained to analyze more than a few of the 
waves. It was decided to analyze the sero, 12, 24, 42, and 60 
inch tube lenctha at 30 cycles per second as obtained with the 


Statham gags. The Statham mge oscillograms were preferred over 
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the Blectro-Preseuregraph tests due to the excellent linear 
response and constant calibration value of this instrument which 
permitted better comparison between test runs. Zach oscillogrem 
was analyzed in the follewing manner. One wave length was divided 
into 36 equal segments, and the ordinate at each division was 
mensured. The choice of 36 divisions was made because each seg- 
ment then conveniently represented 10 decrees and the fact thet 
the analysis becomes more accurate as the nusber of ordinates 
used ie increased. From this, the firet eix harmniecs were 
determined for each oecillogram. (Only six harmonies were deter- 
mined mainly due to the lack of time.) Thies wes accomplished fron 
the basic formule for a Fourier cosine-sine series of: 
p2a,/2 ¢ acon tt # ancos 2b f° sacee f sycos nt f aoe 
# d:sin tt ¢ bosin 2t $ sesee ¢ Bysin nt f aes 


where the coefficients a, and b, are: 


35 
v «+ a2 hy sin 7 
a20 


The item A, is the ordinate at the q®® division of the abscissa, 
p is the number of divisions ner half cycle, and n is the particular 
harmonic. ‘the term a,/2 ie the (= A) /20s or the mean ordinate 


over the cycle. 
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Table I is a listing of the coefficients for these terns 
for each of the tube lengths enclysed at a frequency of 30 cycles 
per second. 

For the seke of simplicity and to enable better comparison 
between the different tube lengths, these in turn were resolved 
into the resultant or complete harmonic equations by use of the 
forma: 


Po s Sts,” - v7)? cos (nt - e) 


where ¢ = tan™+ (b,/a,) 
and (2,2 {4 0,2)? 4s the amplitude. 


The values for these coefficients end phese angles, @, are listed 
in Table II. 
Pig. 10 ie a plot of the fundamentsl harmonic for the 
vero and 60 inch tube leneth pressure waves at a frequency of 
20 cycles per second. From this it can be seen how phase lng and 
amplitude attenuation can be determined through harmonic analysis. 
Table Ill is a listing of ratios of the pressure amplitude 
for the indicated tube length to the pressure amplitade for zero 
tube length vhere both are corrected to the same pressure amplitude 
st the source and with the same fundemental wave frequency of 
20 cycles per second. Unfortunately, upon completion of the 
esnalysis it was discovered that the sero tube length oecillog ren 


was one for a reduced preesure at the source of 3.74 inches of 
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mercury gage, whereas the others were in the vicinity of 5.70 inches 
of mercury. All cases were corrected to 5.70 inches of mercury 

gage pressure. In this menner the attenustion in pressure amplitude 
for any desired harmonic can be determined. 

In addition to attenuation, the phase shift of any desired 
harmonic compared te the same harmonic for the sero tube length 
case can be obtained by merely subtracting the phage angle, e,), 
for the zero tube length from the phase angle, G16 for the finite 
tube length, beth for the same harmonic and besic fundamental 
frequency. | 

Parthermore, the resultant harmonic equations give a 
mthematicn] indication ef distortion. Sxamination of Figs. lle 
and 12 shows some harmonics prectically damped out whereas others 
are magnified as tube length is increased. 

Unfortunately, insufficient time prevented more haraonic 
analysie at other frequencies or to higher harmonics as well as for 
some of the other configurations tested. For the tube lengths 
tested, harmonic anelysis at a hicher frequency, 56 or 90 cycles 
per second, undoubtedly would have given « much better check with 
existing theory. 

However, Fig. lle is = plot of the ratio of pressure 
ammlitade for finite tube lencth over zero tube length pressure 
amplitude at 2) cycles per second se obtained by experiment and 


through use of the theoretical gravhs prepared by A. 5. Tbersil 
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in reference (4). Attention is called to the fact that this is 
for the fundamental harmonic only. Por the tabe leneths and 
frequency anslyzed, since the verictions in ettenuation were of 
euch empll megnitude and considerable interpolation in the use 

of the theoretical curves was necessary, the degree of acreement 
between experimental and theoretical values cennot be necesszrily 
assured, However, they appear to be in fair aereement, and with- 
out more experinentelly determined rointe the euther cannot 
secertain agreement. Fig. 12 is a plot of the preseure am litade 
for finite tube lenethe to amplitude for zero tube length for the 
second through sixth harmonics obtained experimentally. 

Pig. 1lb illustrates the cowparigon of phase lng with 
tube length compared vith that obtained from the theoretical graphs 
ef reference (4) for the fundasental harmonic at 20 cycles per 
second. The apparently poor agreement in phase lag might lergely 
be attributed to interpolation errors in the theoretical graphs 
end the determination of the phase angle, e, in the resultant 
harmonic. A slight change in the value of by/a; chanree the angle 
@ considerably. The angle of Ing, G , for the 42 inch tube Length 
wna plotted eas 15° lead in lieu of ms” lag te facilitate plotting. 
Attenticn is eslled te the fact that the preseure ratio wae also 
shown to be createst for the 42 inch tube length, but since this 
was considersbly below the resonent frequency of appreximately 75 
eycles per second, the point should be viewed with considerable 


suspicion. 
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an attempt to determine pkhaes lez directly from the 
cost Llegrane was done by macnifying each cycle to an arbitrary 
linear scale of 96 major divisions representing 260 degrees. ‘Then 
by placing gero of thie senle on the timer dot on the oscillogras 
representing the start of the wve orcie at the generetor and 
reading the value on the scale vhich was aligned with the initial 
pulse of the gage preseure trace starting the cycle on the oseillogram, 
the lag could be read directly. However, in practice the phase lag 
wag not sce easily determined. As eoon ae any tube length was added 
end as the frequency wes increased, the squtre pressure wave was 
disterted enough so thet determination of the initial palse of tank 
pressure wes often imposeidle and required pereonal estimation. 
Pig. 15 fe offered to illustrate the hich degree of scatter of 
pointe for the plet of phase lag, D » against frequency for the 
tube lengthe tested, and 26 obtained directly from the oscillograns 
utilizing the timer marks. 

Attention is called to the fact that a flexible coupling 
cousinting of a stiff rubber hose was used to drive the square wave 
generator. Considerable torsional vibration wae sresent since the 
pulse of pressure just as the valve ports opened or closed caused 
a change in the torque load required to rotate the wove cenerator 
by the application of a tangential component of jet thrust. This 
excited a forced torsional vibration which was apparent on most of 
the oscillograms by the fact that eucteculive wave leneths were not 


always the same as well as the fact that the top half of the wave 
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wae usually of different leneth than the lower half. As the tests 
progressed the hore coupling apreared to mffer considerable wear 
and lost mich of ite etiffnese. ‘Thus it was femred that the amount 
of leg due to twist in the coupling hod increased considerably over 
that for previous tests. Consequently, « universal joint was 
substituted for the test rune in which the “lectro-Pressuregraph 
wae used. This reasoning appears te be verified by Fig. 13 where 
it can be noted thet the phase leg for the 60 inch tube length 
(obtained from the Statham gage runs) is considerably greater then 
that obteined from the ®lectro-Pressuregraph tests in which the 
universal joint was used. ‘The 60 inch tube teste for the Statham 
gage were the lest test rune performed using the rabber hose 
coupling. 

In the determination of phase lag, it was assumed that 
phase leg for the zero tube length test runs was sero at all 
frequencies tested which was practically true as indicated en the 
oscillograme. Actually at the higher frequencies a lag of five to 
ten degrees was indicated on the cere tube length oscillogrems and 
was credited to additional twiet in the hose coupling. Thus the 
position of the timer dot on the oselllogras for a given tube length 
at ¢ given frequency was compared to the position of the timer dot 
for the same frequency of the cero tube length oscillogrenm. 

An attempt to check the attenuation and phase shift 


obtained through harmonic analysis with that obtained utilising 
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the enslogy of a R-l-~0 electrical circuit as given in reference (3) 
was made. Agtin, however, due to the few test runs analyzed and 
the relatively low frequency for the tube lengths used, the results 
were incenclasive and are therefore not presented in this report. 

Pig. 14 is s reprint from reference (2) of the pressure 
respones and phase lag of a sinusoidal oscilisting pressure of small 
amplitude for various tube lengths given in wave lengths, A , where 
A ef. These curves ars obtained theoretically from the solution 
of A. C. theory equations for a Bel-0 clreuit analogous to a preseure 
sensing system of negligible instrament volume. The effect of 
instrument volume is to shift the pressure response curves to the 
left and te decrease the ratio ?,/?, below the value of unity. 

No specific anaiysia of the larger diameter tubes or of 
the plenum chanber configurations was conducted. However, just 
through observation of the oscillograms, the effect of the larger 
diameter tubes as used in thie investigation wes to decrease the 
amplitude of the oscillation mech like » emall surge tank. In 
renlity this ie what was actually present in this confisaration 
since the end fittings remained the same semll diameter used with 
the 1/4 inch 0.0. copper tubes. 

Similarly, by inspecting the oscillograms for the surge 
tank configurations it was noted that the 7 type filter gave the 
greatest damping of the pressure vave. It appeared that, as would 


be expected from theory, that little more than the fundamental 
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frequency wae passed through the filter and this was damped greatly 
iteelf. The ff type filter is similar to a low frequency pase 
filter which filters out higher frecuencies and permite low 
frequencies to pase through. 


GUBULUSIOSS ASD RECOMMENDATIONS 


Prom the results of this investigation of the environ- 
mental effects on pressure sensing systems for oscillating pressures, 
the following econclusions have been mdet 

(1) Any arbitrarily produced pressure wave may be used 
in the determination of attenuation, phase lag, and distortion 
effects due to the pressure sensing confimuration if the wave 
observed resulting from a specific configuration is comared to the 
wave obtained with the preseure sensing instrument cennected directly 
‘to the source of pressure oscillations when both cases are at exactly 
the same frequency and impressed pressure amplitude. It should not 
necessarily be construed that the change in amplitade and phase 
angle of the fundamental of ach an arbitrary wave containing higher 
harmonies would be identiesr1 to the change in amplitude and phase 
angle for a pure Ginusoidal oscillation under the same conditions. 
This is a question which well might warrant further experimental 
investigstion. | 

(2) Sarmonie enalysis offers the best method in the 
determination of attenuations, phase lag, and distortion resulting 
from the tube connecting a pressure sensing instrament te the 
source of oscillating pressure. All three of these effects are 
obtainable from harmonic analysis. 

(3) 4n increase in tube diameter anywhere between the 
ends of the tube connecting the preesure sensing instrument to the 
source of oscillation acts as a small surge tank which decreness 


the amplitude of oscillation. 
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(4) Yor the frequency range investigsted a 77 type 
filter arrangement of two eurgs tanks was the most effective 
method of damping cut pressure oscillations. 

It is recommended that if further investigations are 
mde utilising the same square preseure weve generator, the use of 
an harmonic enalyser might be used to good edvantage enabling the 
ase of more oscillograms of waves produced over a wide range of 
frequencies. The eddition cf one or more longer tube lengths is 
also highly recommended. A tube length of 15 feet would permit a 
convenient comparison with the theoretical results obtained using 
the HeieC cireuit theory enslogy of reference (3), which contains 
« table of calonleted pressure response ratios for verious 
frequencies for a 1° foot long tube. 

The idesl preseure wave for an investigation of this 
type is naturally « sine wave. Any distortion appeering in the 
preseure wave would be indicated then by the appearance of higher 
harmonic terme which could be determined through hargonic analysis 
of the onclllogreme obtained. The difficalty ef designing a 
sinusoidel pressure wave generator is common knowledge. However, 
Shere are several veys in which a weve of appreximtely sinusoidal 
oscillation can be generated. Fer a zenereted pressure wave of 
epproximately sinuseidsl oscilintion, the analysis would still be 
greatly simplified due te the lesger importence of higher harmonics 


in the initial weve generated. 
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SYMBOLIZATION 


Area--tube cross sectional or of integrated oscillogram 
Inside diameter of tube 

Tube length 

Pressure calibration scale factor 

Instrument volume 

nth harmonic coefficient of cosine term in Fourier series 
n*® harmonic coefficient of sine term in Fourier series 
Propagation velocity 

Phase angle 

Frequency 

Pressure 

Time 

Dimensionless parameter characterizing damping 

Wave length 

Phase shift or lag 

Attenuation factor 

Fluid viscosity 

Kinematic viscosity 

Angular erequshey 


Fractional pressure excess 
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TABLE I 
OOEFFICISNTS FOR THE FIRST SIX HARMONICS OF A GENERATED SQUARE 


PAESSURE WAVE AT 30 CYCLES PER SECOND AS OBTAINED FOR VAAIOUS TUBE LEN@THS 


p = af2 * Da, cosnt + 5», sin nt 


Tube Length, Inches 


=1,028 i004 -0. 3065 


~0.058 1.395 0.838 
0.524 -1.647 0.947 0.552 
0.122 ~0,688 90.021 ~0.045 


-C.610 


~0.325 ~0.926 
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TABLE II 
COEFFICIENTS AND PHASE ANGLES FOR 
PIRST SIX HARMONICS OF A GENERATED SQUARE PRESSURE 
AVE FOR VARIOUS TUBE LENGTHS AT 30 CPs 
p2a/2 + Sia ~ ie Cos (nt-e) 


AMPLITUDE, (a,° + b,)* 


Harmonic, 1 by aE Cees) 


Phase Angle, e ; 


105°45! 106931! 104°21' 91°20! 125°52! 
256°37! 250041! 33°18! 351°02! 93°21! 
124°11! 126°55!' 178°13! 169°24' |  359°30! 
2hOWd! 14°03! 114°45! 97°30! 128°06' 
151955! 196°18'| 9145934! 177°29! 57°28! 
ZhOOKg! 130°55! 115°14'! 156°19! 57°21! 


Mean Ordinate 
a/2 


aug = 


TABLE III 
RATIOS OF PRESSURE AMPLIPUDE FOR FINITE TUBL LENGTHS TO 
THE PRESSURE AMPLITUDE OBTAINZD AT ZEAO TUBE LENGTH (P,/Pop) 
FOR THE FIAST SIX iAAMONIOS OF A GENERATED GQUARE PAESSURE WAVE 
AT 30 OPS. PRESSURE SUPPLIED [0 TiS WAVE GENZAnTOR CORRECTED 


TO 5.70 INCHES OF MEROUAY POA ALL TUBE LENGTHS 


Tube Length 
Inches 


- 47 - 


TABLE IV 
PHASE LAG, ¢ , FOR VARIOUS TUBE LENGTHS AS OOMPARED TO 
ZEAO TUBE LENGTH FOR THE FIRST SIX HAAMONICS OF A GENERATED 
SQUARE PRESSURE WAVE AT 30 oPS 


PHASE LAG, @ 


DEG RES 


Harmonic 


it iy Lenzth 
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Porrs : I-3 Tank PRESSURE, 2-4 ATMOSPHERIC PRESSURE 
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